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Abstract There is now a wealth of evidence that anterior
insular and anterior cingulate cortices have a close func-
tional relationship, such that they may be considered
together as input and output regions of a functional system.
This system is typically engaged across cognitive, affec-
tive, and behavioural contexts, suggesting that it is of
fundamental importance for mental life. Here, we review
the literature and reinforce the case that these brain regions
are crucial, ﬁrstly, for the production of subjective feelings
and, secondly, for co-ordinating appropriate responses to
internal and external events. This model seeks to integrate
higher-order cortical functions with sensory representation
and autonomic control: it is argued that feeling states
emerge from the raw data of sensory (including intero-
ceptive) inputs and are integrated through representations
in conscious awareness. Correspondingly, autonomic ner-
vous system reactivity is particularly important amongst
the responses that accompany conscious experiences.
Potential clinical implications are also discussed.
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Introduction
This review considers the joint action of anterior insular
cortex (AIC) and anterior cingulate cortex (ACC). There is
a large and growing body of evidence that these two
regions have a unique functional relationship, which is of
relevance as the substrate for a range of experiential and
behavioural phenomena, and may hold the key to some of
the most elusive questions in modern neuroscience, in
particular the question of how subjective experiences
(feelings) arise from the raw material of sensory inputs, and
how these experiences in turn inﬂuence affect, cognition,
and behaviour.
The anatomy, physiology, and actions of the AIC are
covered at length in other chapters in this special issue and
this material will not be duplicated here. But ACC is not
speciﬁcally covered elsewhere in this issue, so we begin
with a brief review of the ACC literature before turning to
its joint actions with the insula.
Anatomy of ACC
The ACC is the anterior part of the cingulate gyrus, a large
gyrus situated medially in the cerebral hemisphere that
surrounds the corpus callosum ventrally, rostrally, and
dorsally. By longstanding convention, cingulate cortex is
divided into anterior (ACC), posterior, and retrosplenial
regions. The region usually designated as ACC encom-
passes Brodmann areas 25, 24, and 33, and also includes
the caudal part of area 32 (Devinsky et al. 1995). In
addition to cortical grey matter, the cingulate gyrus also
contains the cingulum, a white matter bundle that runs
within the gyrus, crossing into the parahippocampal cortex
posteriorly. The cingulum connects different cingulate
subregions (see below), and has additional projections into
the medial temporal areas (Nieuwenhuys et al. 2008).
A number of schemata are proposed by which the
cingulate gyrus may be further divided into anatomical
and/or functional subregions. A review of lesion and
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DOI 10.1007/s00429-010-0265-xstimulation studies (Vogt et al. 1992) concluded that cin-
gulate cortex as a whole can be divided into an anterior
(ACC) region concerned with executive control, particu-
larly of emotion-related processes, and a posterior region
specialized for evaluative and monitoring functions. These
ideas were extended by an inﬂuential review of neuroim-
aging studies involving ACC activation, which suggested
that the region classically designated as ACC can be further
subdivided into dorsal cognitive and rostral-ventral affec-
tive divisions (Bush et al. 2000).
More recent expert commentary has suggested, on both
anatomical and functional grounds, a reﬁnement of the
standard anatomical classiﬁcation, proposing instead a
four-region model of cingulate anatomy (Vogt 2005, 2009).
In this scheme, the cingulate gyrus is divided into anterior,
mid, and posterior cingulate regions, plus a retrosplenial
region (located on the ventral surface of the most posterior
part of the gyrus). The three main cingulate regions are
then further subdivided as follows: anterior cingulate is
divided into subgenual (sACC) and pregenual (pACC)
areas, mid-cingulate into anterior (aMCC) and posterior
(pMCC) areas, and posterior cingulate into dorsal (dPCC)
and ventral (vPCC) areas (see Fig. 1). In terms of usefully
deﬁning cingulate cortical regions, this model has the
advantage of conforming more closely to what is known
about cingulate cytoarchitecture and functional anatomy
compared with other classiﬁcations.
Functions of ACC
The ACC is implicated as a biological substrate supporting
many different mental functions. It is amongst the brain
regions most frequently reported in the functional neuro-
imaging literature as being signiﬁcantly activated when
engaging in attentionally or behaviourally demanding
cognitive tasks (Paus et al. 1998). It is therefore difﬁcult to
characterize ACC function in terms of one unifying dis-
crete cognitive operation (although ‘attention’ was an early
contender). Devinsky et al. (1995) observe that ‘‘the
functions of the anterior cingulate cortex, a component of
several vital networks and subserving a diverse range of
functions, are difﬁcult to quantify or even describe, and
have eluded the traditional ‘localized lesion-behavioural
correlate’ approach’’. Accounts of ACC function must seek
instead to elucidate its role across a wide range of cogni-
tive, affective, and behavioural processes. Although the
strength of intrinsic cingulate connections should not be
underplayed, different ACC subregions vary in their local
and distal anatomical inputs and projections and their
cytoarchitectonics, and this is reasonably reﬂected by the
evidence of functional heterogeneity across ACC subre-
gions. For example, in the four-region model of ACC
(Vogt 2005) outlined above, the subgenual (sACC) region
in particular has close and heavy projections into brain
regions typically involved in affective, motivational, and
autonomic processing, including amygdala, hypothalamus,
and brainstem periaqueductal grey, suggesting an impor-
tant role in the generation of emotion-related physiological
and probably behavioural reactions. Conversely, the pos-
terior midcingulate, which has weaker subcortical con-
nections, is particularly engaged by physically painful
stimuli, but not other emotive challenges (Vogt et al.
2003). There are also distinct cingulate motor areas
(CMAs), deﬁnable by their rich projections into premotor
and motor cortices and spinal cord (Morecraft and Tanji
2009). Within the primate forebrain, three CMAs within
midcingulate gyrus are identiﬁed: a rostral CMA within the
anterior MCC, and ventral and dorsal CMAs within the
posterior MCC (Dum and Strick 2002). Each CMA
receives different thalamic and cortical inputs (Hatanaka
et al. 2003) and has different cortical and spinal projections
(Dum and Strick 1991), reﬂected in different functional
outputs (Shima et al. 1991).
This degree of functional heterogeneity means that
caution is required in making any general statements about
the overall function of ACC. Nevertheless, it may be
possible to identify common themes across the various
aspects of ACC function. The fact that ACC is apparently
involved in so many different processes opens the possi-
bility that there is some general, overarching monitoring or
control function common to all of them, and/or that ACC is
a key area for the integration of ostensibly disparate pro-
cesses involving affect, cognition, and behaviour. For
example, Paus (2001) has suggested that ACC is a region
where regulatory and executive processes interact. In this
Fig. 1 Subdivisions of cingulate cortex according to the four-
subregion model proposed by Vogt (see text). aMCC anterior
midcingulate cortex, cas callosal sulcus, cgs cingulate sulcus, dPCC
dorsal posterior cingulate cortex, irs inferior rostral sulcus, mr
maginal ramus of cgs, pACC pregenual anterior cingulate cortex, pcgs
paracingulate sulcus, pMCC posterior midcingulate cortex, RSC
retrosplenial cortex, sACC subgenual anterior cingulate cortex, spls
splenial sulci, vPCC ventral posterior cingulate cortex. (reproduced
with permission from Vogt 2005)
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123model, the outputs of cognitive processing performed
elsewhere in the prefrontal cortex are combined in ACC
with representations of emotional state to enable appro-
priate behavioural responses to internal or environmental
events.
One inﬂuential theory has suggested that ACC is prin-
cipally involved in error detection (for a discussion of error
perception with regard to AIC, see Ullsperger et al. this
issue). This idea was based on the discovery of the error-
related negativity (ERN) potential, an event-related
potential consistently observed in experimental trials about
100 ms following response initiation, when the response is
in error (Gehring et al. 1993). This event-related potential
was subsequently localized to ACC (Dehaene et al. 1994),
leading to the idea that ACC functions could be charac-
terized as the monitoring of, and preparation of response to,
errors. However, further studies, reviewed by Paus (2001),
suggest that the ERN is not, in fact, error speciﬁc, and have
also shown that it can be modulated by lesions remote from
the ACC. Thus, conceptualization of ACC function as
being primarily concerned with error detection is, at best,
an incomplete characterization. Even leaving aside the
challenge to the idea that comes from empirical studies of
the ERN, it is difﬁcult to see how the full range of func-
tions attributed to the ACC could be accommodated within
such a concept.
Another line of thought assigns ACC a key role in
attentional processes. Mesulam (1981) put forward the idea
that ACC is a key part of a cortical network directing the
deployment of attentional resources towards external
objects, events, and conditions. Within this network, the
particular role of ACC was described as being concerned
with the assessment of motivational valence, i.e. the moti-
vational signiﬁcance (in terms of potential reward or pun-
ishment) of external stimuli or locations. This implies a role
for ACC in the integration of cognitive and affective
responses to external events and in the preparation of
behavioural responses to those events. These ideas were
reformulated and extended by Carter etal. (1999), ina novel
theoretical treatment that aimed to reconcile error-detection
theory with ideas about ACC and attention. In this model, it
is argued that the ACC is concerned with conﬂict moni-
toring in a range of different contexts. This includes the
online monitoring of responses allowing the identiﬁcation
of errors, as per earlier error-detection theories, and also the
detection of conﬂict between different possible responses to
a stimulus, event, or situation. This echoes the idea that
ACC is involved in attentional processes, particularly
‘attention for action’ (Posner et al. 1988). More recently, the
conﬂict-monitoring model has been further revised and
extended in an effort to take account of ﬁndings related to
an apparent role for ACC in decision making (Botvinick
2007) (see also Nelson et al. this issue).
A stance taken from observing the close correspondence
between autonomic output and cingulate function across a
range of tasks provided a view consistent with the notion of
cingulate as ‘limbic motor cortex’ (Craig 2002). In this
‘uniﬁed’ model (Critchley et al. 2003; Critchley 2004), the
emphasis was placed on the (presumed facilitatory) control
of autonomic state as the major cortical output of ACC,
accommodating subregional differences in both the types
of information processed (motivational in genual/subge-
nual, cognitive in dorsal anterior midcingulate subregions)
and in the autonomic response axes (sympathetic in dorsal
ACC, parasympathetic/antisympathetic in subgenual ACC).
Ultimately, this model attempted to reconcile the mass of
data from imaging and related studies, highlighting ACC
involvement with the relative lack of marked cognitive
(including attentional or executive) or physical disability,
other than with self-initiated behaviour or sustained
performance, consequent on acquired ACC damage (see
below). This model has been empirically qualiﬁed
(Critchley et al. 2005b), but also speciﬁcally criticized
(Bush 2009). Nevertheless, the notion that internal state is
fundamental to cognition and motivation requires a neural
mediator, and perhaps one that is intrinsic to the mam-
malian brain. The detailed relationship between cingulate
activity and behaviourally evoked changes in bodily state
continues to be substantiated (e.g. Wager et al. 2009a, b;
see also Lane 2008). The link with other automatic pro-
cesses such as attentional direction and salience processing
(Seeley et al. 2007) is suspected to be intrinsic to the
conjoint functioning of ACC and insular cortex (Craig
2009) and their phylogenetic evolution in primates.
The developmental trajectory of such ideas is of interest:
it can be seen that to take account of the multiplicity of
ﬁndings related to functions of the ACC, it has been
necessary for theorists to repeatedly ‘zoom out’ (i.e. to
conceive the role of ACC in ever broader terms). The
implication is that ACC function may in fact be funda-
mental to many different aspects of mental life.
Similar comments may be made about the functions of
the AIC. Craig (2009) lists a dizzying range of contexts in
which AIC activation has been reported in functional
neuroimaging studies, before suggesting that the way to
reconcile these disparate ﬁndings is to posit the AIC as the
seat of consciousness itself: the neural correlate of ﬁrst-
person subjective awareness. Craig also notes that the great
majority of studies reporting AIC activation also report
activation of ACC. This is particularly true of studies
involving any aspect of emotional processing (Craig 2009)
and leads logically to the idea that it may be productive to
consider the two regions together when attempting to
generate more powerfully explanatory models of their
function. This approach is explored in detail below, but
ﬁrst we will brieﬂy consider the effects of lesions of the
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ACC function and is particularly pertinent to the ensuing
discussion of the inter-relationship of ACC and AIC.
Effects of ACC lesions
As might be predicted from above, lesions involving the
ACC have been linked with a wide range of cognitive,
affective, and behavioural sequelae in both animals and
humans. Unilateral cingulate lesions in monkeys produce
contralateral motor neglect (Watson et al. 1973), and
bilateral lesions in humans have been reported to cause
akinetic mutism (Nielsen and Jacobs 1951; Nemeth et al.
1988). Kennard (1955) brieﬂy reviews the early animal and
human ACC lesion literature (noting reports of apathy,
akinetic mutism, and changes in motor behaviour and
vocalization) before presenting ﬁndings from cingulate
ablation studies in cats and monkeys. Post-surgery, the
animals were passive and hypomotile. In addition, cats
showed a range of autonomic and behavioural changes,
becoming apparently more emotionally aroused as reﬂec-
ted by behavioural changes, such as increased purring and
growling (though notably the latter was not associated with
any increase in physical aggression, the animals were
described as growling more readily in response to minor
stimuli, yet never engaging in actual combat with other
cats).
With regard to mutism (see above), an authoritative
recent review of vocalization in primates (Jurgens 2009)
presents evidence that ACC is crucial in the voluntary
initiation of vocalization, through connections with brain-
stem periaqueductal grey (Vogt and Vogt 2009). This in
turn connects with brainstem nuclei that innervate the
muscles of articulation and phonation. ACC does not,
however, appear to be required for simple vocalization
responses to basic stimuli. The idea that ACC is implicated
in higher-level voluntary control of responses is consistent
with data from human studies suggesting that ACC has a
key role in response initiation, across a wide range of
contexts (see below for further discussion of this). In view
of our theme of ACC–AIC interaction, it should also be
noted that a number of studies of speech production in
humans have highlighted the left AIC as being involved in
the preparation and co-ordination of articulation and pho-
nation (Blank et al. 2002; Ackermann and Riecker 2004;
Riecker et al. 2005).
During the period that the early ACC lesion studies were
conducted, there was also a surge of interest in the potential
use of cingulate surgery as a therapeutic intervention in
intractable psychiatric disorder. Reported outcomes of
these procedures tended to be largely favourable (Kennard
1955). Tow and Whitty (1953) describe mental and
behavioural changes following bilateral suction-ablation of
BA 24 (anterior midcingulate in the four-region model) in
patients suffering from mixed anxiety and depression with
obsessive–compulsive features. In most cases, cingulate
surgery was associated with subsequent clinical improve-
ment, with post-operative patients generally described as
less troubled by obsessional symptoms, more relaxed and
socially conﬁdent, and more emotionally expressive. In
some cases, there were negative aspects to these changes.
Increased irritability, evidence of impaired judgement, and
diminished drive were described in a number of cases,
including some where surgery was overall judged to have
been a success in terms of symptom reduction. It is note-
worthy that both the positive and negative changes seen in
these patients have common features, apparently reﬂecting
a reduction in drive, a relaxation of emotional control, and
a reduced concern about the social judgements or emo-
tional responses of others. Bearing in mind our overall
theme of conjoint AIC and ACC activity, it is of interest
that a study of the neuropsychiatric sequelae of insular
stroke found a high incidence of abulia and anergia, with
reduced motivation and drive (Manes et al. 1999). The
authors speculate that this may reﬂect the disconnection of
insula from ACC.
Advances in neurosurgery, particularly the development
of stereotactic techniques, have reﬁned cingulate surgery,
allowing more precise localization of intervention. Tar-
geted stereotactic cingulotomy remains a viable treatment
in severe intractable conditions of the type outlined above,
and has also been used in chronic pain syndromes and in
the treatment of substance addiction (Brotis et al. 2009). A
more recent survey of patients who underwent cingulotomy
for chronic pain noted subtle impairments in the sponta-
neous initiation of behaviour and the formation of inten-
tions (Cohen et al. 1999), comparable to the older ﬁndings
outlined above. However, a review of cingulotomy out-
come in chronic refractory depression concluded that the
most favourable clinical outcomes were obtained with
more anterior lesions within the midcingulate region.
Posterior midcingulate lesions were less clinically effective
and may fall outside the area of cingulate gyrus most
commonly reported as showing abnormal activity in func-
tional neuroimaging studies of major depression (Steele
et al. 2008).
The speciﬁcity of lesion effects in different parts of the
ACC is emphasized by a report of a patient with a well-
circumscribed ACC lesion. The patient showed evidence
of impairment on divided-attention tasks when required
to give manual responses, but not when giving vocal
responses (Turken and Swick 1999). This is further evi-
dence that the ACC is involved in response selection and
initiation, and that the functional organization of these
roles is structured enough for the occurrence of modality-
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123speciﬁc deﬁcits. This report is unusual in describing a
lesion conﬁned exclusively to ACC. The majority of the
ACC lesion literature reports ﬁndings in patients with
damage to ACC and adjacent structures in the medial
frontal lobe (Devinsky et al. 1995). In particular, the sup-
plementary motor area (SMA) is frequently affected,
making it difﬁcult to determine the precise contribution of
cingulate cortex disruption to the observed deﬁcits. How-
ever, the idea that ACC is involved in response generation
is supported by studies in which ACC damage was asso-
ciated with abnormalities of motor activity. In particular, in
the ‘alien hand syndrome’ (AHS) there are involuntary
exploratory, grasping, and manipulation movements of one
hand. Feinberg et al. (1992) argue that there are two dis-
tinct subtypes of AHS, which they designate as frontal and
callosal on the basis of the site of damage. Frontal AHS is
associated with ACC damage, although this was only one
of the medial prefrontal areas implicated. An increase in
manual manipulation behaviour has also been reported in
macaques following bilateral cingulate lesioning (Hadland
et al. 2003). There is also a report of a patient who
developed contralateral paroxysmal AHS following
ischaemic damage to the rostral CMA (Brazdil et al. 2006).
In addition, a study of pathological grasping phenomena
showed that ACC damage was more strongly associated
with such phenomena than damage to any other prefrontal
area (De Renzi and Barbieri 1992). However, another study
suggested that ACC damage was speciﬁcally associated
with the emergence of pathological groping behaviours
rather than grasping (Hashimoto and Tanaka 1998). This
discrepancy notwithstanding, it appears that ACC damage
is associated with abnormal and involuntary motor
responses, leading to the suggestion (Paus 2001) that ACC
damage predisposes to the emergence of uncontrolled
motor programmes or ‘subroutines’ that are normally
suppressed.
ACC dysfunction may have implications for social
functioning: Hadland et al. (2003) noted decreased socia-
bility in macaques following bilateral cingulate lesions; a
human lesion study of note is that by Baird et al. (2006).
These authors report ﬁndings in three patients, with dam-
age to the medial frontal areas principally involving genual
ACC (BA 24, 32), who were tested on tasks designed to
probe social cognition, including tests of emotional facial
expression recognition and theory of mind. Perhaps sur-
prisingly, only subtle deﬁcits were identiﬁed, with evi-
dence of theory-of-mind impairment in only one patient,
who differed from the other two in having bilateral lesions.
Two of these patients had previously been identiﬁed as
having impaired autonomic function (Critchley et al. 2003,
see below), which might be expected to lead to deﬁcits in
social cognition. The authors suggest that the neural cir-
cuitry underlying theory of mind and other aspects of social
cognition is sufﬁciently widely distributed such that social
deﬁcits may only become apparent following more exten-
sive structural damage.
We noted above that theories, which attempt to give an
account of ACC action in terms of speciﬁc cognitive
functions (such as error detection or conﬂict monitoring),
struggle to take account of other ﬁndings. This point is
underlined by a study of four patients with damage to the
dorsal ACC who were tested on cognitive tasks involving a
high level of response conﬂict (e.g. a go/no-go task, in
which the frequency of no-go stimuli was varied to allow
comparison between high and low conﬂict conditions)
(Fellows and Farah 2005). Patients did not differ from
controls on measures of cognitive control, as indexed by
relative change in reaction time and error rate between low
and high conﬂict tasks. The authors suggest that this
implies that ACC is not, in fact, essential for cognitive
control. However, it was also the case that ACC patients
were signiﬁcantly slower than controls in responding,
across all tasks and conditions. This suggests that ACC
damage does, in fact, impair the initiation of responses,
even if the pattern of this impairment is not what might be
predicted from cognitive theories of ACC function. Again,
this raises the issue that ACC appears to be involved in
response selection and preparation, but that it does not
seem to be possible to form an adequate characterization of
this involvement in terms of speciﬁc cognitive actions.
Another important insight into ACC function comes from
an fMRI study exploring autonomic changes during the
performance of tasks involving cognitive effort in healthy
controls and three patients with ACC damage (Critchley
et al. 2003). All three patients showed diminished auto-
nomic cardiovascular responses to cognitive effort when
compared with 147 normal controls. In addition, the sym-
pathetic component of heart rate variability was found to
correlate with changes in neural activity in both ACC and
insula, lending weight to the idea that these two brain
regions are concerned with, and responsive to, the regula-
tion of bodily states and the generation of physiological
arousal states appropriate to behavioural and environmen-
tal demands. With this in mind, it is of note that studies in
animals have repeatedly found evidence of impaired
autonomic responses following ACC ablation (Devinsky
et al. 1995). The role of ACC and insula with respect to
autonomic function is explored further below.
Finally, whilst not strictly related to lesion studies, it
should also be noted that ACC is implicated in the patho-
physiology of obsessive–compulsive disorder (OCD). In
addition to numerous functional neuroimaging studies
(reviewed in Saxena et al. 2009) reporting abnormal pat-
terns of ACC activity in OCD, there is converging evidence
of abnormal ACC morphology (Radua and Mataix-Cols
2009; Shim et al. 2009) and neurochemistry (Ebert et al.
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1231997; Rosenberg et al. 2004; Arnold et al. 2009) in this
condition. Precise elucidation of ACC involvement in OCD
is still awaited, but will probably require an approach
which recognizes that different ACC subregions are likely
to have more relevance to different clinical subtypes
(e.g. washing, checking, hoarding) (Saxena et al. 2009;
Middleton 2009).
Joint action of ACC and AIC
For the remainder of this review, ACC function will be
considered in tandem with the functions of the AIC. It will
be argued that this conjoint approach can provide an illu-
minating perspective on the functions of these regions, as
they appear to constitute input (AIC) and output (ACC)
components of a system based on awareness of self: that is,
an integrated awareness of cognitive, affective, and phys-
ical state, generated by the integrative functions of the AIC
and then re-represented in ACC as a basis for the selection
of, and preparation for, responses to inner or outer events.
These responses are not necessarily motor: examples of
non-motor responses might include a shift of cognitive set
during task performance (Dosenbach et al. 2006), or a top–
down modulation of sensory processing. Before proceeding
with this analysis, however, we will brieﬂy review the
anatomical connections and evidence of functional con-
nectivity between these two regions.
In primates, the cingulate cortex, particularly the area
corresponding to BA 24, has reciprocal connections with
both granular and dysgranular layers of the insular cortex
(Mesulam and Mufson 1982; Vogt and Pandya 1987;
Nieuwenhuys et al. 2008; Yukie and Shibata 2009). This
reciprocity is signiﬁcant: whilst our general argument is
that insula integrates sensory information into awareness
and that this information is then transferred to ACC, it
should also be noted that back-projections from the ACC
may in theory allow the insular representation of the feel-
ing state to be modulated by cingulate activity. Both AIC
and ACC contain populations of von Economo neurons,
and Craig (2009) has suggested that it is these neurons
which form the connections between these areas. (cross-
refs). A study of visceral pain (Moisset et al. 2010) suc-
cessfully used diffusion tensor imaging to demonstrate
tracts connecting the two regions. Other evidence of a
direct functional relationship comes from an fMRI study of
resting state connectivity, in which ﬂuctuations in BOLD
signal are correlated between regions. This study suggested
that, in humans, there are two insula-cingulate systems,
with anterior insula showing functional connectivity with
anterior and midcingulate regions, and mid/posterior insula
connected with only the posterior midcingulate region
(Taylor et al. 2009). This work complements a previous
study of intrinsic connectivity, which suggested that both
ACC and insula are core regions of a ‘salience network’,
responsive to a wide range of stimuli relevant to emotional
and/or motivational states. It is functionally linked to
subcortical structures also involved in such responses, such
as the extended amygdala, dorsomedial thalamus, hypo-
thalamus, and periaqueductal grey (Seeley et al. 2007).
Dosenbach et al. (2006, 2007) report that ACC and AIC are
crucially implicated in the establishment and maintenance
of task set, whilst Harrison et al. (2008) found that the
connectivity of these areas increased during the induction
of sadness, supporting the idea that their joint activity is a
key element of the neural basis of emotional experience.
Whilst these studies do not directly demonstrate informa-
tion exchange between AIC and ACC, they strongly sug-
gest a high degree of functional connectivity between the
regions. More speciﬁc evidence of functional interaction
between ACC and AIC comes from a study by Sridharan
et al. (2008), which identiﬁed a fronto-insular cingulate
system involved in switching between default mode and
central executive networks. The application of Granger
causality analysis suggested direct causal interactions
between activity in the right fronto-insular cortex (rFIC)
and other cortical areas across a range of tasks. The activity
in ACC shows the strongest such interaction, suggesting a
powerful causal effect for rFIC in determining activity in
ACC. There was also evidence of a weaker causal inter-
action in the opposite direction. An intriguing recent
ﬁnding is that resting state functional connectivity between
AIC and rostral ACC is negatively correlated with sub-
clinical autistic traits in healthy adults (Di Martino et al.
2009). This hints at the role of this system in self-related
processes, a theme explored in detail below.
With regard to self-related processes and AIC, inﬂuen-
tial ideas, highly relevant to our argument here, have been
developed by Damasio, whose ‘neural self’ concept (e.g.
Damasio 2003) postulates the insula as crucial to the
generation of subjective feeling states. In this model, neural
information from afferent somatosensory pathways is
integrated into somatotopic representations in the posterior
insula before being ‘re-represented’ in mid- and anterior
insula. This ‘re-representation’ entails integration of the
sensory information with other aspects of conscious
experience to produce a continuous, but ﬂuctuating, stream
of awareness and feeling. The key idea is that information
derived from the body forms the basis of feeling states and
emotional experience, although this does not necessarily
require the insula to be the source of awareness itself.
A term such as ‘neural self’ begs questions of deﬁnition,
but the concept of ‘self’ eludes precise deﬁnition. Any
attempt at such deﬁnition inevitably opens up whole ter-
ritories of scientiﬁc and philosophical uncertainty: the
nature of ﬁrst-person subjective awareness or the validity
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123and meaning of lived experience. Scientiﬁc, clinical, and
philosophical investigations of the self utilize widely dif-
fering terminologies and theoretical frameworks, such that
the different perspectives may confuse as much as inform
each other (Northoff and Heinzel 2003). Furthermore,
the self may be as much a socio-cultural construct as a
measurable psychobiological entity (Berrios and Markova
2003), although it is reasonable to suppose that self-
concepts across different cultures will tend to involve at
least some common elements.
Damasio offers no formal deﬁnition of ‘self’ but argues
instead for a ‘core self’: a mental representation corre-
sponding to our innate, moment-to-moment feeling of
subjective awareness. This awareness has both continuity
and individuality: ‘‘to a ﬁrst approximation, the self is a
stable representation of individual continuity which serves
as a mental reference for the organism within the conscious
mind’’ (Damasio 2003).
How does this relate to more abstract concepts such as
personhood or identity? Damasio reserves the term ‘auto-
biographical self’ for these more complex notions, but
nevertheless argues that the ‘core’ neural self must be the
foundation of more elaborated conceptions of self and
personal identity.
If the ‘core’ self is rooted in information carried by
afferent somatosensory systems, it is important to examine
the mechanisms by which we sense ourselves. There are so
many that Damasio suggests a new classiﬁcation of the
senses is required to take account of them. In his proposed
scheme, the conventional ﬁve senses are classed as
‘exteroceptive’, whilst vestibular, pain and temperature,
and proprioceptive systems are ‘interoceptive’, combining
to produce interoception: a ‘sense of the internal milieu’
(Craig 2002). Direct evidence for the idea that the insula is
a key area supporting interoception comes from a func-
tional neuroimaging study in which the ability to make
accurate judgements about the timing of one’s own heart-
beat was used as an index of interoceptive awareness
(Critchley et al. 2004). Activity in the right anterior insula
was found to predict accuracy of performance on the
heartbeat task, whilst activity in the dorsal ACC increased
signiﬁcantly during attention to the internal physical state.
The conceptual link between interoception and emo-
tional experience is supported by a signiﬁcant body of
converging empirical data. Studies by Feldman Barrett
et al. (2004) and Pollatos et al. (2007) have shown a cor-
relation between interoceptive awareness and self-reported
emotional experience. In the latter study, high-density EEG
was used to localize electrophysiological responses to
emotionally salient pictures, with both AIC and ACC
emerging as key areas engaged in such responses. The
authors interpreted this as demonstrating involvement of
both ‘ﬁrst-order’ (AIC) and ‘second-order’ (ACC) response
areas, arguing that AIC activity reﬂects the representation
of bodily state as a feeling, and that ACC ‘‘may serve as an
interface structure for translating emotional reactions into
differential somatic responses’’ (Pollatos et al. 2007). This
interpretation is consistent with the ideas presented here.
Further support comes from an fMRI study showing that
AIC and dorsal ACC activity were associated with heart
rate changes in response to emotional facial expressions
(Critchley et al. 2005a). Also a study showed that bilateral
AIC and rostral ACC were amongst brain areas showing a
signiﬁcant response to errors on a numerical Stroop-type
task, and were also activated by sympathetic arousal,
indexed by pupillometry measures taken concurrently with
task performance. In addition, activity in a cingulate area
spanning pregenual and anterior midcingulate regions was
predictive of variability in autonomic arousal within indi-
vidual participants (Critchley et al. 2005b). This constitutes
powerful evidence that dorsal ACC is crucial in the gen-
eration of autonomic responses to internal and external
events (see Fig. 2).
A number of functional neuroimaging studies have
examined regional brain activity associated with intero-
ceptive awareness of oesophageal or gastric distention.
Positron emission tomography (PET) studies by Stephan
et al. (2003) and Vandenbergh et al. (2005) found AIC and
ACC activation as part of a network of brain regions
responsive to gastric distention, although in the former
study the ACC activation was localized to subgenual ACC,
whereas the latter study reported activation of anterior
midcingulate (BA 24). This latter is consistent with two
studies that have manipulated task conditions to probe the
neural correlates of gastro-intestinal sensation in more
detail. Phillips et al. (2003) studied responses to oesopha-
geal distention coupled with the viewing of neutral or
fearful facial expressions, designed to provide an emotional
context that would modulate sensory processing. Bilateral
insula and ACC were amongst brain regions activated in
response to oesophageal stimulation, and midcingulate
gyrus (BA 24) and bilateral AIC were signiﬁcantly more
active when oesophageal stimulation occurred in a negative
emotional context (and were the only brain regions to show
this response pattern, making this a particularly striking
ﬁnding). Coen et al. (2007) manipulated the intensity of
oesophageal stimulation to enable comparison between
non-painful and painful conditions. Bilateral AIC and right
ACC were amongst the brain areas activated in the non-
painful condition, and bilateral AIC and bilateral ACC in
the painful condition. Of particular note was the ﬁnding
that activity in midcingulate gyrus (BA 24) correlated with
subjective ratings of pain. Pain may be considered as an
interoceptive feeling (Craig 2009), but one that has its own
extensive literature, which is brieﬂy reviewed here with
regard to AIC and ACC.
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Since thenineteenth century, ithasbeenknownfrom animal
studies that cingulate lesions produce a decrease in pain
sensitivity and avoidance (Devinsky et al. 1995; Lawson
etal.2009).Inhumans,stereotacticcingulotomyisusedasa
treatmentforrefractorychronicpain(Brotisetal.2009).The
localization and functional specialization of nociceptive
areas within cingulate gyrus is reviewed in detail by Vogt
(2005) and forms part of the rationale for his four-region
model of cingulate anatomy, outlined above. However, it is
important to note that no cingulate subregion is uniquely
concernedwithpainresponse:ratheritappearsthatcingulate
regionssubservearangeofprocesses,whichareparticularly
relevant to pain (Vogt and Sikes 2009). Cingulate pain
responses are concentrated in the pregenual and midcingu-
late regions (Vogt 2005) and have generally been thought to
subserveaffective-motivationalaspectsofpain(Price2000),
aninterpretationthatsitswellwiththemoregeneralrolethat
ACC plays in emotion. However, a recent expert review
(VogtandSikes2009)highlightsthatnotallﬁndingsrelating
to ACC and pain can be readily integrated into an affective-
motivational model, and proposes a ‘‘cingulate premotor
painmodel’’inwhichtiersofprocessinginvolvingcingulate
cortex facilitate autonomic and behavioural responses to
noxious stimuli. Motor responses here include not only
avoidancebehaviours,butalsofacialexpression(grimacing,
wincing, etc.) and vocalization (see above).
ACC and insula are key regions of the medial pain
system, which receives inputs from midline and intralam-
inar thalamic nuclei [the lateral nuclei project into lateral
pain system areas, principally primary and secondary
somatosensory cortices (Petrovic et al. 1999; Vogt 2005)].
Given this, it is unsurprising that functional neuroimaging
studies implicate both ACC and anterior insula in the
cortical response to pain (Craig 2009). A PET study of
responses to painful stimulation of the dorsum of the foot
found that ipsilateral AIC and contralateral ACC were
signiﬁcantly more active in the pain condition than at rest
(Andersson et al. 1997). However, a PET study of
mechanical allodynia in ﬁve patients with peripheral
mononeuropathy found that bilateral AIC and bilateral
Fig. 2 Anterior cingulate–insula relationships in behaviourally inte-
grated autonomic control. This ﬁgure plots locations of dissociated
and conjoint activations of anterior/mid/subgenual cingulate and
insular cortical activity across experimental studies involving the
Critchley laboratory exploring central correlates of peripheral auto-
nomic activity during different task conditions, representation/
perturbation of afferent visceral feedback or both (biofeedback,
baroreceptor or autonomic patient vs. control studies). The ﬁgure does
not explore lateralization of insular response with the observation that
across studies activity was generally bilateral or right lateralized. The
ﬁgure highlights a paucity of cingulate or insula-only engagement and
notes the contexts in which these are observed. While not a
comprehensive view of coupling between these regions, the ﬁgure
focuses directly on the control of internal bodily state. EDA
electrodermal activity, PAF pure autonomic failure, BP blood
pressure, LF-HRV low frequency (sympathetic) power in heart rate
variability, HR heart rate. Panel I 1 Critchley et al. 2001a, 2 Critchley
et al. 2001b, 3 Critchley et al. 2001c, 4 Kavia et al. 2009, 5 McKay et
al. 2010, 6 Harrison et al. 2009a, 7 Nicotra et al. 2006. Panel II 1
Critchley et al. 2001c, 2 Critchley et al. 2002a, 3 Critchley et al.
2001c, 4 Gray et al. 2009. Panel III A Critchley et al. 2001b,B
Critchley et al. 2002b, C Critchley et al. 2003, D Nagai et al. 2004,E
Critchley et al. 2004, F Critchley et al. 2005b, G Critchley et al.
2005a, H Gianaros et al. 2009, I Harrison et al. 2009b
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123ACC activity showed co-variance with pain intensity
across the experimental group (Petrovic et al. 1999).
Another PET study used intradermal capsaicin to induce
pain and allodynia. The authors identiﬁed a widely dis-
tributed response network, which they interpreted as
reﬂecting four aspects of pain-related processing: sensory
perception, attention, top–down modulation, and sensori-
motor integration (Iadorola et al. 1998). Within this
framework, they argue that the insula is involved in both
perceptual and sensorimotor aspects, and that ACC is pri-
marily involved in attention to pain. This may be consistent
with ideas regarding the role of ACC in attention (see
above). In the light of other evidence discussed above, we
would suggest that ACC involvement in the pain response
is not simply attentional, but also reﬂects the preparation
and initiation of autonomic and motor responses to pain.
It is a long-established ﬁnding that painful stimuli evoke
two distinct sensory experiences, known as ﬁrst and second
pain. Using magnetoencephalography (MEG), a method
which has the advantage of high temporal resolution, Ploner
et al. (2002) demonstrated that the timing of pregenual ACC
activity in response to painful stimuli suggests a speciﬁc
involvement in second pain, which is thought to reﬂect
affective and motivational aspects of pain: awareness of
unpleasant sensation and preparation of avoidance respon-
ses. This ﬁnding is complemented by evidence from animal
studies that the ACC contains a ﬁnal representation of
affective-motivational elements of pain (Sewards and
Sewards 2002, but see also comments above). PET studies
in humans show that components of the medial pain system,
including pregenual and anterior midcingulate, are selec-
tively activated by attention to unpleasantness of pain,
rather than by attention to the location of the painful stim-
ulus (Kulkarni et al. 2005). Also, ACC responses to pain can
be modulated by hypnotic suggestions designed to alter the
unpleasantness, butnot the intensity, of pain (Rainville et al.
1997). A PET study of neural responses to graded intensi-
ties of pain found that insula and ACC were co-activated by
increasing stimulus intensity (Derbyshire et al. 1997),
whilst ACC ablation studies in rodents indicate that
lesioning of rostral ACC in rats produces a decrease in pain
avoidance behaviours (Johansen et al. 2001). Taken toge-
ther, these ﬁndings suggest that AIC is involved in aware-
ness of the unpleasant feeling associated with pain, and that
ACC is involved in the marshalling of response to this
unpleasantness. This is consistent with our proposed overall
scheme of AIC and ACC function.
Emotional awareness and awareness of self and moment
Co-activation of the AIC and ACC is reported by numerous
functional neuroimaging studies of emotional processing
(Craig 2009). If the insular cortex is implicated in the
generation of feeling states, and the ACC in both directing
attention (see above) and the facilitation of autonomic
responses, it is reasonable to predict that both areas will be
engaged by tasks involving the direction of attention
towards induced emotion (Lane 2008). An early PET study
in which participants were asked to attend to subjective
emotional responses supports this: attention to emotion was
associated with activation of both ACC and AIC (Lane
et al. 1997). A more recent fMRI study in which partici-
pants viewed alternating blocks of aversive and neutral
images (McRae et al. 2008) reinforces this ﬁnding. Activity
in the dorsal ACC and left insular cortex whilst viewing
highly arousing images was signiﬁcantly related to indi-
vidual subject emotional awareness as measured by the
Levels of Emotional Awareness Scale (Lane et al. 1990).
The authors also measured skin conductance responses as
an index of autonomic arousal during scanning blocks.
They found a signiﬁcant relationship between these
responses and activity in the dorsal ACC, supporting the
idea that this region of ACC was crucially involved in the
generation of autonomic responses to emotionally salient
stimuli.
In the light of the above ﬁndings regarding emotional
awareness, deﬁcits of such awareness are also of interest
here (Lane 2008). A number of studies have examined the
neural response to emotionally salient stimuli in individu-
als with alexithymia, deﬁned as a reduced capacity for
emotionalizing, fantasizing, and identifying, verbalizing,
and thinking about emotions (Bermond et al. 2006).
Functional neuroimaging studies of alexithymia have
consistently shown reduced activation of ACC in response
to emotionally relevant stimuli (e.g. Kano et al. 2003;
Moriguchi et al. 2007; Frewen et al. 2008; Karlsson et al.
2008; see also Bermond et al. 2006), but ﬁndings with
regard to the insula have been more variable, with some
studies reporting increased insula activation in alexithy-
mics in response to emotional material, and some reporting
decreases (Craig 2009). However, of note, one study in
particular that found increased insula activation (Karlsson
et al. 2008) did not distinguish between anterior and pos-
terior insula in reporting and discussing this ﬁnding, but the
reported cluster of increased insula activation in fact fell
within the right posterior insula rather than AIC. A similar
ﬁnding, although on the left side, was reported by Frewen
et al. (2008) in a study of alexithymia in the context of
post-traumatic stress disorder (PTSD). The same study
found reduced activation in AIC (and ACC) bilaterally in
the same participants during the same experimental con-
dition. Thus, in alexithymia there may be opposite response
patterns in the posterior and anterior insular cortices. This
is a speculative suggestion; however, it is difﬁcult to know
how far ﬁndings in PTSD can be generalized to
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et al. (2007) found increased activity in both anterior and
posterior insula (both right-sided) in alexithymics, making
empathic judgements of pain in others a ﬁnding that
appears inconsistent with the suggestion above.
If is true that the insula is involved in the generation of
all subjective feeling states, and that the combined action
of AIC and ACC provides the neural basis of self-aware-
ness, then it may be possible to identify conjoint AIC and
ACC activity related to ‘awareness of the moment’ and
‘awareness of self’ (Craig 2009). There is partial support
for the former idea from an fMRI study using an attentional
blink paradigm to assess the neural correlates of stimulus
awareness (Kranczioch et al. 2005). In each trial of this
paradigm, two targets (T1 and T2) are presented, separated
by a brief temporal interval. By manipulating the duration
of this interstimulus interval, it is possible to create con-
ditions where T2 is not consciously perceived (i.e. an
attentional blink occurs), and compare with conditions
where it is perceived. Brain regions that were signiﬁcantly
more active when T2 was perceived included the left ACC
and an area that the authors localized to the inferior frontal
gyrus, but which may also include the left AIC. This line of
research is linked to work on the ACC and error detection
(see above) by a recent fMRI study of error awareness
(Klein et al. 2007). In this study, participants performed a
visual saccade task in which it was possible to be either
aware or unaware of errors. Anterior midcingulate gyrus,
SMA, and bilateral AIC were signiﬁcantly activated in
association with errors, but only AIC was activated when
participants signalled awareness of such errors.
With regard to awareness of self, a recent fMRI study of
self-recognition provides strong support for the involve-
ment of the right AIC and ACC. The study showed sig-
niﬁcant activation during self-related processing, whether
subjects were viewing pictures of their own faces or other
body parts (Devue et al. 2007). The authors conclude that
speciﬁc insular and cingulate subregions are key areas for
integrative self-related processing. This interpretation is in
line with other studies that have probed self-awareness and
the subjective experience of self-agency (see Northoff and
Bermpohl 2004, for a review). Further evidence comes
from a more recent fMRI study, which found activation in
ACC and left AIC during self-reﬂection, the latter region
being uniquely activated by self-reﬂection amongst a range
of tasks performed (Modinos et al. 2009). A relatively
little-studied psychiatric condition, depersonalization dis-
order, provides an intriguing clinical perspective on these
ﬁndings, explored below.
It is reasonable to suppose that mechanisms supporting
self-awareness may also be important for understanding the
mental states of others, and a number of studies have
reported joint activation of AIC and ACC by tasks
designed to elicit empathic responses (Lieberman 2007). A
study by Singer et al. (2004) is of particular note: AIC and
ACC were amongst a network of regions activated by a
task eliciting empathy for the pain of others. Signiﬁcantly,
these were the only regions in the network in which activity
correlated with a measure of self-reported empathy. If these
regions are crucial for empathy, then they play a key role in
a wide range of social interactions, with relevance for
personality typology and the emerging ﬁeld of social
neuroscience (Lieberman 2007).
Clinical contexts
Given the mass of evidence that AIC and ACC are both
crucially implicated in emotional processing and ﬁrst-per-
son subjective experience, it is reasonable to suppose that
functional abnormalities of these regions may be involved
in the pathophysiology of psychiatric disorders. Inﬂuential
models of mood disorder suggest that the neurobiological
basis of major depression is dysfunction of the normal
interactions between limbic and cortical areas (Mayberg
1997; Drevets et al. 2008), although these models implicate
widely distributed networks and are not speciﬁc to the
regions under consideration here. However a recent meta-
analysis of anatomical ﬁndings in schizophrenia and
bipolar disorder found that grey matter abnormalities in
bilateral insula and ACC are the most commonly reported
such abnormalities in bipolar disorder (Ellison-Wright and
Bullmore 2010).
The interoceptive functions of AIC and ACC may be
particularly relevant to anxiety states, which are charac-
terized not only by cognitive features such as worry, but
also by physical changes such as increased heart rate and
motor restlessness. These changes are experienced as an
unpleasant core element of the anxious state. Paulus and
Stein (2006) have put forward a theoretical account of
anxiety emphasizing the role of the insula in the generation
of feeling states and awareness of bodily sensations. A
recent review of neuroimaging studies in anxiety and
phobic disorders concluded that AIC and ACC, along with
the amygdala, are the brain regions most commonly
implicated in such studies (Damsa et al. 2009).
Because ACC is known to be involved in motor
response selection and initiation, it is possible to extend
these ideas to disorders involving abnormal movements. In
particular, the tics seen in Gilles de la Tourette syndrome
and related disorders lend themselves to this analysis, since
they are frequently preceded by uncomfortable inner sen-
sations (premonitory urges), and tic occurrence is associ-
ated with a subjective sense of relief from such sensations.
A reasonable hypothesis will be that functional abnormal-
ities in the AIC–ACC system are involved in the
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urge (AIC) and in the generation of abnormal movements
and/or vocalizations (ACC; a similar idea in a non-clinical
context was suggested by a study, which found bilateral
insula and ACC activation associated with blink suppres-
sion in healthy adults (Lerner et al. 2009). Here, one can
hypothesize that AIC represents the ‘urge to blink’ feeling,
and that ACC is involved in suppressing or overriding this
urge). A PET study of tics in Tourette syndrome (Stern
et al. 2000) found that activity in both AIC and ACC was
signiﬁcantly correlated with tic occurrence, although many
other areas were similarly correlated, making speciﬁc
interpretations difﬁcult. Intriguingly, however, a recent
structural MRI study of brain morphology in familial cases
of Tourette syndrome reported reduced cortical thickness
of the frontal motor, cingulate, and insular cortices, with
the degree of cortical thinning correlated with tic severity.
The authors suggest that in Tourette syndrome, there may
be delayed or abnormal maturation of areas involved in
self-regulation. This predisposes to motor and vocal tics
and to other failures of self-regulation, such as impulsive
aggression (Fahim et al. 2009).
Depersonalization disorder (DPD) is a relatively little-
studied condition that may be particularly relevant here.
DPD is characterized by a pervasive and disturbing sense
of unreality in both experience of self (depersonalization)
and surroundings (derealization) (Medford et al. 2005;
Sierra 2009). The phenomenology of DPD is complex,
encompassing abnormalities of bodily sensation (typically,
reduced sensation or even a sense of complete disembod-
iment) and emotional experience (diminished subjective
and autonomic responsivity to emotional stimuli or events,
perhaps implying some overlap with the concept of alexi-
thymia, discussed above) (Sierra et al. 2002, 2005; Simeon
et al. 2008). Thus, in addition to measurable autonomic
abnormalities suggesting a role for ACC, the symptoms of
DPD can be construed as pathological variants of ‘aware-
ness of self’ and ‘awareness of the moment’, concepts
already linked to conjoint AIC and ACC action. Findings
from neuroimaging studies lend support to this idea. Phil-
lips et al. (2001) found that DPD patients showed signiﬁ-
cantly less activation in the left insula and bilateral ACC
compared to normal controls when viewing aversive ima-
ges. However, a study of verbal emotional memory in DPD
showed that DPD patients show little difference in the
neural response to emotional and neutral blocks of a verbal
recognition memory task. This was in contrast to controls,
in whom there were extensive emotion-related activations
including AIC and ACC (Medford et al. 2006). Future
studies combining functional neuroimaging and autonomic
measurements may be of particular value in DPD.
ACC and AIC are also likely to be involved in the
experience of physical illness. Studies of pain and
discomfort induced by gastro-intestinal stimulation (see
above) have some relevance here, but the experience of
feeling unwell has been assessed more directly by a recent
study examining neural activity associated with an
inﬂammatory response induced by typhoid vaccine (Har-
rison et al. 2009b). Activity associated with inﬂammation
was seen in a network of cortical and subcortical structures,
including ACC and insula. It was interpreted as reﬂecting
‘‘the integration of affective and motivational processing
with afferent interoceptive information’’ (Harrison et al.
2009b) and also the initiation of autonomic responses to the
physiological disturbance. Again, this speaks of the idea
that the insula and ACC represent the afferent and efferent
arms of a system for regulating physical states and for
generating subjective experiences (feelings) on the basis of
those states.
Conclusion
The multiplicity of contexts in which AIC/ACC conjoint
action has been observed underlines the idea that these
regions constitute a functional system engaged in a great
many aspects of mental life. It is possible to extrapolate
these empirical ﬁndings into bold theoretical positions with
relevance to both science and philosophy. These ideas can
furnish novel perspectives on the aetiology and manage-
ment of neuropsychiatric disorders and provide an exciting
framework for understanding the relationship between
neurobiology and conscious experience. Future work may
focus on more precise delineation of the functional rela-
tionship between AIC, ACC, and associated brain systems.
In particular, it is anticipated that the study of the inte-
gration of autonomic activity with higher-order cortical
representations will yield important insights into funda-
mental questions of basic and clinical neuroscience.
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